In many watersheds around the world, where the importance of assessing a watershed as a whole is overlooked, new water resources projects are designed solely based on historic flow data. Such projects might fail to operate satisfactorily when designed without considering the uncertainties associated with future hydrologic changes. In this study, a System Dynamics Model (SDM) is developed to quantify the potential hydrologic impacts of future developments in parts of Karkheh river basin, Iran and assess their effects on hydro-electricity generation of existing and projected hydropower plants. Results indicate that upstream development could reduce future annual energy production by 254 GWh. Interbasin water transfer from the nearby Sirvan River basin to the Karkheh River basin was also investigated as a viable option to increase future energy production. Simulation results revealed that on average 88 GWh/year increase in electricity production can be achieved per 100×10 6 m 3 of annual environmental flow release out of transferred water from Sirvan to Karkheh River basin.
Organization of the paper is as follows: After introducing the study area, details of the SDM structure are laid out, which is followed by description of the future development scenarios.
Subsequently, results are presented and discussed. The paper concludes with a summary and conclusions section.
Research approach

Study Area
The 900 km long Karkheh River (Figure 1 ) is the third largest river in Iran based on annual average flow.
With 31 new dams to be constructed in the near future, the 51,000 km 2 Karkheh River basin is becoming one of the most rapidly developing basins in the region, in terms of surface water exploitation projects.
The basin's climate is best described as Mediterranean, having mild/wet winters and hot/dry summers, with mean annual precipitation ranging from 150 mm in the southern arid plains to 750 mm in the northern mountains. Annual average water yield of the basin is estimated to be around 8. This study is focused on the northern and western portions of the Karkheh River basin where most of the development will take place ( Figure 1 ). Presently, in the study area, one hydropower dam (Seimareh) is under construction with an energy production capacity of 480 MW. The projected development (as a part of the whole Karkheh River basin development plan) includes two other HP dams (Kuran-Buzan and Sazbon), 8 irrigation dams (Table 1) , and over 34,000 hectares of irrigated agricultural fields, all in the midst of feasibility studies or early construction.
Before being approved by the Ministry of Energy of Iran (who oversees water resources assessment and development in Iran), all development projects must undergo extensive feasibility studies, which are carried out by semi-governmental or private consulting companies. Such feasibility studies are typically performed using historic streamflow data at the project site. In this study, we incorporated the building blocks of the entire study area's future development plan, and modeled the river's flow regime (and consequently the HP energy production) as a whole in a dynamic framework. The ultimate goal of the study was to assess the potential effects of future developments on HP production in the Karkheh River basin.
SDM Structure
Conservation of mass is the most important governing equation in SDMs. Water quantity, as the driving factor for hydropower generation, is the primary focus of our SDM. The SDM proposed in this study modifies the historic water balance based on new developments and simulates the HP generated at the end of each time step. The historic flow data is fed into the model at several points and the main model components (or "sectors", each representing a real watershed constituent) alter the flow based on their underlying rules of operation. The SDM presented in this study consists of three main sectors: irrigation M a n u s c r i p t
(non-hydropower) dams, hydropower dams, and control hydrometric stations. In the sections to follow, the governing policy behind each sector is described. Vensim DSS (version 4.0a), a system dynamics software package developed by Ventana Systems inc. (Eberlein, 2007) , was employed as the platform of our SDM.
Irrigation (non-hydropower) dam sector
Water storage and release behavior of non-hydropower dams were simulated in the irrigation dam sectors of the SDM. In irrigation dams, this behavior complies with previously defined operating rules that are typically optimized based on various objectives (i.e. minimizing supply shortage, drought impact mitigation, maximizing profit, etc.). Since such optimized release plans were missing for our study dams, we adopted the standard operating policy (SOP) (Maass et al. 1962 ; Loucks et al. 1981; Cancelliere et al.
1998). As hydrologic or economic uncertainties increase, which is the case for this study region, optimal operating policies converge to SOP (Klems, 1977) . In SOP ( Figure 3 ) the highest priority on releasing water is for immediate beneficial use (Draper and Lund, 2004) . For a given month t, available water for release (A t ) is defined as:
where, S t-1 is the effective storage at the beginning of the month, I t and L t are projected inflow and sum of losses (i.e. evaporation and seepage) for that month, respectively. Reservoir release (R t ) in a given month is determined based on target demand (D t ) and available water (A t Figure 2a shows the structure of a typical irrigation dam modeled in Vensim Software based on the SOP theory. As mentioned before, 8 irrigation dams are foreseen in the development plan of the study area to supply irrigation water to existing and projected agricultural fields. Table 1 provides details on storage capacity, annual inflow and demand balance of planned irrigation dams. A more detailed monthly distribution of inflow and demand mass balance is also presented in Appendix 1.
Hydropower dam sector
In this sector, dam operation and energy production of HP units are simulated using a single reservoir reliability-based simulation model, which is the commonly employed method for design and operation of HP units in Iran (Afzali et al., 2008) . Brief description of the model, adopted from Afzali et al. (2008) , is outlined below. In this method, estimating monthly energy yield and release discharge from a HP reservoir is a multistep process. Like SOP, the highest priority on releasing water is to meet a pre-M a n u s c r i p t N o t C o p y e d i t e d 9 assigned energy demand. In other words, enough water is released in a given month to produce electricity equal or greater than Firm Energy (FE). Firm energy, defined as minimum energy guaranteed to be generated each month with certain reliability (a value assigned by design engineers), is calculated as:
where FE(t)= firm energy yield during month t (MWh); IC= powerplant's installed capacity (MW);
nh(t)= number of hours in month t and Pf = plant factor, which is the fraction of a day (or month) that the powerplant is supposed to produce energy at full capacity. The actual energy produced is calculated as:
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where E(t)= generated energy (MWh) in month t; R(t) = turbine release discharge at month t (1×10 6 m 3
) ;
e p = powerplant's efficiency (dimensionless) ; () ht = average reservoir water level during month t (m);
h tail (t)= average tailwater head (m) and h f (t)= total head losses (m) during the month. By replacing the actual generated energy E(t) with its estimate (firm energy), the turbine release discharge yields as :
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      In Eq. (4), () ht,
h tail (t) and h f (t) depend on R(t). Thus Eq. (4) needs to be solved implicitly.
Conventionally, it is solved iteratively. R(t) can be assumed initially equal to the inflow to the reservoir at month t, () htis then calculated from reservoir water budget equation. h tail (t) and h f (t) are then computed from their given relationship with R(t). The relationship between h tail (t) and R(t) usually appears as a second order polynomial and h f (t) is generally derived from Darcy-Weisbach friction loss equation. A new R(t) is then calculated from Eq. (4) and is compared with the initially assumed value; if the difference is considerable, the procedure is repeated until convergence is established. Vensim software offers a variety of numerical approximation methods (e.g., Euler method, second and fourth order RungeKutta method) for solving implicit equations. This capability eliminates the need for coding and makes
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Vensim an appealing choice for simulating moderately complex physical systems. Fourth order RungeKutta approximation was selected in this study for higher accuracy.
There are some constraints that must be satisfied at the end of the simulation process. If the calculated storage at the end of the month (S t ) is outside the acceptable range [S min ≤ S t ≤ S max ], some action is required to bring it within the limits. Turbine release is increased if S t > S max to generate a secondary energy and bring S t to its maximum capacity S max . Maximum energy production is also limited to the power plant's maximum production capacity and if this limit is exceeded, the excess release is spilled with no energy production. Energy production is decreased to bring S t back to its minimum capacity if the storage falls below S min , consequently reducing the produced energy during that period. Using the end of the month storage to be the following month's initial storage, the procedure is repeated for each month until the very end of the simulation period. A hydropower sector modeled in Vensim Software is displayed in Figure 2b . As indicated earlier, three HP units are planned for the study area; one hydropower dam (Seimareh) is under construction and the other two (Kuran-Buzan and Sazbon) are passing final stages of feasibility studies. With these units being completed, energy production capacity of the region will be expanded by 1133 MW. The characteristics (normal volume, installed capacity, plant factor, etc.) of the three HP dams are listed in Table 2 . Appendix 2 provides the monthly distribution of inflows at dam site for each of the three HP dams.
Control hydrometric stations sector
Any hydraulic structure on the river and its tributaries will have an impact on the hydrologic regime. To assess such impacts, river discharges were modified at specific locations (control hydrometric stations) according to the upstream irrigation and HP dam storage and release behaviors. The modified flows, leaving these control hydrometric stations, were fed into downstream HP sectors and the energy production was then simulated. In the framework of SDMs, model validation is a semi-formal process involving a combination of quantitative tests and qualitative behavioral analysis targeting the system's internal structure (Barlas, 1996) . The SDM presented in this study considers a future state of the watershed; discharge and energy production are assessed under impacts of future developments. As one would expect, no quantitative tests could be performed since there is no future streamflow data. Nevertheless, we validated the model by conducting several behavioral tests on model sectors to see if they can successfully simulate storage and release behaviors that are expected based on their adopted operating policy (details available in Sharifi, 2008 
Future development scenarios
Various potential development scenarios for the study area were identified and tested using the proposed SDM. The scenarios differ in the number of development elements and were selected in such a way that each represents the effects of different realistic development plans on HP generation among three HP units. Full development (scenario S dev ) refers to a development plan where all the 8 irrigation dams are constructed and are functional (supplying existing and projected demands) in addition to the three HP dams being in operation and generating energy (as depicted in Figure 4 ). On the contrary, scenario S null draws a plan in which only one HP dam is functional under unmodified flow regime with no other development elements (hydropower/irrigation dams) in place. The purpose of defining S null was having a reference condition to which other scenarios can be compared. Scenario S hydro depicts a condition between S null and S dev where only three hydropower dams are functional at a given time with no other development (irrigation dams). Scenario S trans considers interbasin water transfer from the Sirvan River basin to the study area. At last, in scenario S Pf , the plant factors of the hydropower units were increased to a certain limit in order to study the effects of future development scenarios on firm energy production. The last two scenarios (S trans and S Pf ) are not complete by themselves since they do not consider any development elements. They need to be combined with prior defined scenarios (S null , S dev or S hydro ) to form a complete scenario. The defined future development scenarios are listed and described in Table 3 .
Result and Discussion
Energy production under various development scenarios are presented and discussed below. The difference in energy generation among these scenarios stems from the changes in hydrology of the river system associated with each scenario. In accordance with the scope of this study, rather than focusing on hydrologic modifications, we limited our discussions on differences in energy production at the HP units under various scenarios. Monthly average river discharges at the HP dam sites are provided in Appendix 2 for each development scenario.
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Copyright 2012 by the American Society of Civil Engineers M a n u s c r i p t N o t C o p y e d i t e d Table   4 , in all three scenarios, HP units produce energy in excess of planned firm energy ( Table 2 ), meaning that firm energy is secured at all times, even after the watershed is fully developed. Looking at each HP unit separately, S dev has the lowest energy production of the three scenarios as expected (due to newly introduced upstream demands) and S null has the highest. The maximum possible energy generated at S null befalls when Seimareh, which is the most downstream HP dam, is functional by itself, which is far less compared to maximum (total) energy production of the two other scenarios (S dev and S hydro ). Note that summing up the total energy produced by the three HP units has no physical meaning in scenario S null since it was assumed that only one HP unit is operational at a time.
Comparison of total energy generated in S dev and S hydro scenarios discloses the effects of upstream development (i.e. adding 8 irrigation dams and over 34,000 hectares of irrigated agricultural fields) on energy generation at the study area. The reduction of 254 GWh in hydroelectricity production is the consequence of upstream developments. Because all the HP units in S dev scenario are capable of producing firm energy at all times, entailing that the 254 GWh difference is in secondary energy production. Note that the negative impact of development on energy production is intensified as we move downstream. While upstream development is projected to cause 8.0% reduction in energy production of the Kuran-Buzan plant, it is projected cause a 10.2% reduction at the Seimareh plant.
Effect of upstream hydropower dam release on downstream reservoirs
Water is stored behind hydropower dams and is quickly released during peak energy usage times. This operational practice strongly affects the river's regime and consequently the downstream facilities.
Scenario S hydro was initially defined to study this effect on two hydropower storages downstream of the Kuran-Buzan dam. As mentioned before, in scenario S hydro , only three hydropower dams are functional at a given time and no other development (irrigation dams) was assumed. The Kuran-Buzan reservoir is only The volume of these two storages (Seimareh and Sazbon) over time is depicted in Figure 5 for scenarios S hydro and S null over the simulation period. As seen in the figure, when the Sazbon dam is operating alone (S null ), a very similar pattern is repeated over time; water level rises to the maximum capacity by end of spring and falls to its minimum towards end of winter. The energy production can become very tenuous during drought periods when only one dam operates. On the other hand, in scenario S hydro , storage mostly remains above 85% of its maximum capacity (1.36 ×10 9 m 3 ) and we can say that energy production is much more sustainable in this case. This effect is repeated at the Seimareh dam, but at a lesser extent.
Implementing single reservoir operating policies for HP dams in a multireservoir HP system (like the system of three HP units in this study) would result in not benefiting from the gain in extra storage discussed in the previous paragraph. We acknowledge that application of an optimum operation policy for simulating this multi-reservoir system could have yielded higher energy productions. However, we tried to employ the operating policies (i.e. single reservoir models) that we assumed will be the adapted policy in the near future.
Interbasin water transfer
Transferring water to Karkheh basin from Sirvan River basin, where water is in excess due to relatively low demands, is one of the projects still being studied by the Iranian Ministry of Energy (Shourian et al., since it does not explain any development characteristics. Therefore, it was combined with S dev , which was previously defined. Figure 6 shows the results of this scenario analysis along with S dev for comparison. Horizontal axis lays out the environmental flow release for different combinations of S trans and S dev scenarios. Not surprisingly, the general trend shows a raise in energy production with more water allocated to the environment. Yet, the most valuable outcome of this scenario analysis is an estimate on energy production increase per unit volume of water allocated for environmental release. Using all the data points on Figure 6 , a strong linear relationship is obtained (R 2 =0.95) between annual average electricity production and environmental flow release. The slope of the best fit line reveals that on average 88 GWh/year increase in electricity production can be achieved per 100×10 6 m 3 of annual environmental flow release out of transferred water from Sirvan to Karkheh River basin.
Maximum energy yield with 90% reliability
So far the only effect upstream development scenarios had on hydropower generation was the contribution of secondary energy generation. However, secondary energy is not a reliable resource due to its unpredictable nature. Electric energy cannot be stored and must be consumed the moment it is generated. Thus, there might be no use of the secondary energy depending on the generation time and
demand. Yet, with ever increasing energy demands, the planners might decide to increase plant factors (i.e. running the HP plants for longer durations in a day) in the future to generate more reliable firm energy rather than secondary energy. The importance of each future development scenario can be M a n u s c r i p t
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16 understood better if we focus on generating more firm energy rather than secondary energy. In scenario S Pf , the main objective was to determine the system's maximum production capacity and energy yield that can be achieved for a predetermined reliability. One parameter was added to each hydropower unit to calculate the reliability, and then the plant factors were increased until the reliability dropped to 90%, which is the minimum required reliability for designing powerplants in Iran. Reliability in context of this study is defined as: 100 .
where, failure is defined as producing less than firm energy in a given month. Similar to scenario S trans , this scenario also needs to be combined with one of the earlier future development scenarios to be complete. Table 5 presents the modified plant factors under different scenario combinations, compared to the original allocated values by the design engineers ( Table 2 ). The percentages of increases in Pf relative to original allocated Pf values act as a surrogate for an increase in firm energy production. The last two columns in Table 6 show the total firm energy generated with 90% reliability and the relative increase from the original design firm energy production capacity.
As expected, in all scenarios (except for S Pf +S null which considers each dam operating individually), the plant factors of the two downstream HP units (Sazbon and Seimareh) had higher increase rates compared to Kuran-Buzan due to the positive effects of upstream HP release. Comparison of second and third rows in Table 5 Table 5 shows that at 90% 
Eq. (5)
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Summary and Conclusions
In this study, a System Dynamics Model (SDM) was developed to predict the effects of upstream developments on hydropower generation of existing and future planned hydropower units in a basin. The This study showed how SD approach can be an effective and relatively easy to implement framework for integrated watershed assessment. Although socioeconomic and environmental effects of the future scenarios were not explored in this study, SD provides the proper means for adding such components. Indeed, the inter-basin water transfer may have significant consequences at the Sirvan River basin. The reduced flow could and will alter the ecosystem dynamics in that river and could endanger some of the species. Further, the construction of all these dams will prevent some of fish passages and Ψ since only one HP unit is operational at a time under this scenario, summing up the total energy produced by the three HP units has no physical meaning.
Scenario Description
S null
Each hydropower dam is operating solely under unmodified flow regime with no other development elements (hydropower/irrigation dams) existing in the basin.
S dev
Full development in the study area with 8 irrigation dams and 3 hydropower dams all operational.
S hydro
Only 3 hydropower dams are operating together with no other development elements (irrigation dams) existing in the basin. water transfer with 45% allocated to environmental release; Ω All HP. dams operating with upstream fully developed and 500 mcm water transfer with 45% allocated to environmental release; ζ All HP. dams operating with upstream fully developed and 700 mcm water transfer with 45% allocated to environmental release; τ since only one HP unit is operational at a time under this scenario, summing up the total energy produced by the three HP units has no physical meaning.
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